Abstract. This paper reports the top-down fabrication of CNTs thin film on MEMS structure to develop sensing and actuating micro structures. In particular, this paper review the integration of CNTs film in application of silicon micromirror based on angular vertical comb actuator, development of microstructures with piezoresistive effect and Seebeck effect.
INTRODUCTION
Research on carbon nanotubes (CNTs) for sensing and manipulation application is a very promising direction for nanoscale devices due to CNTs excellent electrical and mechanical properties. CNTs possess a tensile strength larger than any other known materials [1] . CNTs have been used in various applications for tunable electrometrical oscillators [2] , DNA detection [3] , non-volatile memory [4] , sensors [5] , actuator [6] , field-emitting flat panel displays [7] and also nanotube radio [8] .
The integration of CNTs in microelectromechanical systems (MEMS) is usually relies either on bottomup (in-situ growth) or top-down (postgrowth) methods. The bottom-up technique utilizes catalytic particles directly patterned onto a substrate to control the position of CNTs, while the top-down method focuses on manipulation of the growth CNTs into the desired positions. Although bottom-up methods have particularly advantages in the area of field-effect transistor, the poor compatibility with MEMS technology is the main obstacle for MEMS integration and functional devices.
In order to accurately deposit the nanotube at the desired location, several topdown methods have been reported. Based on the principle that synthesized SWNTs were preferentially attracted to the (-NH 2 ) functionalized surface, Liu et al [9] reported on the surface functionalization technique. This technique can be useful for positioning nanotube but has very poor directional control as the nanotubes often loop around the patterns. Several applications of this method to position nanotubes in between pairs of electrodes have been reported and only limited rate of reliable electrical contact of the device can be assured [10] . Huang et al reported on fluidic manipulation, utilizing flow assembly on a functionalized substrate. With a number of control techniques, this method can achieve parallel array of nanotubes and even cross-structure by single or by alternating the flow in orthogonal directions [11] . Another rather fast self-assembly method is dielectrophoretic (DEP) manipulation in which CNTs was trapped and aligned by either or both AC/DC fields. This is the most promising method due to its precise manipulation in non-contact manner, although it is vital to ensure the length of nanotube and to have appropriate electrode size, geometry as well as applied voltage [12] [13] [14] . The other top-down technique reported in literatures is nanorobotic manipulations, which directly pick the CNTs by atomic force microscope (AFM) or transmission electron microscope (TEM) and place them at the desired place [15, 16] or just use them after random deposition on a substrate without further alignment [17] . The system can operate with sub-nanometer positioning resolution and the nanotubes can be bended, twisted, slided, rolled and broken [18] [19] [20] . Obviously, this method is suitable for investigating fundamental properties rather than for large-scale fabrication.
CNTs should have well controlled properties, orientation and be easily integrated to the system in order to be effectively applied to MEMS devices. Recent approach has been reported by Y. Hayamizu et al [21] . This high efficient process was known as "super growth" [22] . The "super growth" CNTs have high purity, and millimeter-scale length. Because of large-scale of the CNTs, conventional MEMS technique can be used to integrate CNTs into microstructures. This process allows complex CNTs component as a fundamental shapeengineerable unit for integrated device system and, therefore, potentially opens a way for low-cost smart CNTs based MEMS devices.
Utilizing the above techniques, this paper introduced some achievements of CNT thin films in fabrication of micro sensing and actuating structures, typically electrostatic micromirror structure demonstrating Seebeck effect and piezoresistive effect by combination of "super growth" and micromachining process.
INTEGRATED CNTs THIN FILM FOR MEMS MECHANICAL SENSORS

Piezoresistive coefficients of aligned single wall carbon nanotube (SWNT) forest film
One of the main interests of the CNTs properties is the piezoresistive effect. The effect has been investigated for the first time by Tombler et al [23] . A gauge factor (the CNTs sensitivity to strain) of 1000, i.e. five times larger than that of single crystal silicon, was reported. Other measurements by Cao et.al [24] and Stampfer et al. [25] showed the gauge factor up to 3000 for pre-strained individual SWNTs. For practical application, Zhao et al [26] has shown the potentials of SWNT as strain sensor by embedding CNTs in a polymer to measure the stress applied into test specimen. Further study was presented by Li et al [27] using thin film of nanotubes as strain sensor. The film was made of randomly orientated bundles of SWNTs and was attached to a rubber strip using epoxy. By using DEP method, Sickert et al [28] has presented a macro scale strain sensing device with bundle single-walled carbon nanotube. Another concept with multi-walled CNTs film was reported recently by Li et al [29] and Song et al [30] . Piezoresistive behavior of CNTs was also applied for pressure sensor [31, 32] , force sensor [33] . Although the gauge factor was found to be rather small for CNTs films, impressive tensile strength with the elongation over 50% [34] allows the material to be applied in large deformation sensing device.
Our approach to measure the piezoresistive effect is to pattern the CNTs elements on a silicon bar with dimensions of 50×5×0.5 mm 3 by the special top-down process. The 40×5×0.3 µm 3 CNT elements were aligned with either longitudinal or transverse directions of the bar and connected by Cr/Au interconnection to facilitate four-point probe measurement which eliminates unexpected contact resistance (Fig. 1) .
Fig. 1. SEM view of integrated CNTs elements for measurement of piezoresistive effects in longitudinal and tranversal directions
The silicon bar is then subjected to four-point bending test with force indenter applied from its backside (Fig. 2) . Since the CNTs is strongly attached to the surface of the sample, and the dimension of testing element is ignorable compared with the silicon bar, it is reasonable to assume that the maximum strain in the middle of the bar is completely transferred to the CNTs [35] . Strain gauge factor can be expressed as
where ε is the strain in the CNT testing element, ∆R is the relative change of CNTs resistance.
As CNTs elements were pattern in two directions, the gauge factors were measured simultaneously. The longitudinal and transverse gauge factors, measured when the CNTs is aligned with longitudinal stress direction, are k L = 3.75 and k T = 0.67.
With the Young's modulus of CNTs film is 9.7 GPa [22] , the piezoresistive coefficients calculated by (∆R/R) /σ (σ is stress) are π L = 38.6e −5 MPa −1 and π T = 6.91e −5 MPa −1 respectively.
Integration of SWNTs film to MEMS for micro thermoelectric device
Recently, application of CNTs as a thermoelectric material has received the interest for energy sensing, harvesting and power generation. Although direct current (dc) voltage can also be generated due to liquid or gas flow over bundle of CNTs, the generated power is only several picowatts and usually not enough for current micro device application. The thermoelectric power (TEP) or the Seebeck coefficient of CNTs can attain 60 µV/K at room temperature [36] . Thermoelectric properties of CNTs have been investigated by micro-fabricated devices [37] [38] [39] . The TEP of individual single-walled CNTs, SWNT ropes and multi-walled CNTs have been reported in the range of 1 -100 µV/K [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Fabrication process's conditions such as pressure, catalysts and impurity, doping condition, orientation, oxygen-exposed or degassed have shown strong effect and can dramatically change the value of TEP especially for the case of bundle or film CNTs sample [50] [51] [52] [53] [54] .
Fig. 3. Fabricated device for Seebeck effect test
Our approach to measure the Seebeck effect of the CNTs film is to utilize the thermocouples made of CNTs-Au as shown in Fig. 3 . 0.3 µm-thick Cr/Au temperature sensor, heater, and electrodes were fabricated by photolithography and Au lift-off process on top of silicon substrate covered by Si 3 N 4 insulation layer [54] .
Temperature of the cold-junction was measured by Au temperature sensor which has dimensions of 150×2 µm 2 (L × W ). Dimensions of CNTs of the thermocouple are 250×20 µm 2 (L × W ). Temperature sensors are located 2 µm next to the cold junction of Au-CNTs thermocouple, so the measured temperatures can be assumed to be that of the junction with negligible tolerance.
Temperature is recorded by the thermo-resistive effect with measured temperature coefficient of resistance (TCR) of expressed of 2115 ppm/
• C in the range of 10 • C -70
• C Seebeck effect is calculated by
where S CN T and S Au are Seebeck coefficient of CNTs and of Au, respectively, T hot and T cold are the temperatures at hot and cold junctions, respectively. 
SCANNING MICROMIRROR WITH CNTs HINGE
System Description
Electrostatic micromirrors have been widely used in many applications such as displays, barcode scanning, endoscopes optical switches. Among the electrostatic micromirrors, angular vertically comb-driven micromirrors have drawn more attention recently, due to low driving voltage for achieving large angular motion, and less pull-in effect [55] [56] [57] [58] .
The key technique to develop angular vertical comb actuators is to make the initial tilt angle between the stationary and moveable combs, which is prerequisite to create vertical electrostatic force. Residual stress induced by adding a metallic layer [55] or the surface-tension force resulted from refowing a patterned-photoresist layer [56] had been used for this purpose. Lateral comb drives with mechanical hinges or linkages made of polysilicon [57] or single-crystal silicon [58] have been demonstrated to generate out-ofplane torsional motions. However, the fabrication processes in these studies were still complicated and challenging. Moreover, these mirrors required relatively high actuation voltage [55] [56] [57] or robust-less [58] .
With low Young's modulus and high tensile strength, the CNTs hinge mirrors promise the high flexibility, robustness and low driving voltage. Moreover, CNTs hinges with low resistivity can be used as interconnection wire to apply the driving voltage onto the movable part, extremely convenient compared with another works which required additional metal layer for this function [59] .
The movable comb fingers with CNTs hinge tilt out-of-plane with an initial angle at the rest position due to the gravity of the mirror. When a voltage is applied to the vertical comb drive actuator, the tilted and fixed comb fingers will tend to align and thus activating the mirror to rotate. The initial angle of the tilted comb fingers were designed based on the size of CNTs hinge and dimensions of the mirror. The Si mirror has the dimensions of 500 µm in length, 155 µm in width and 5 µm in thickness. The CNT hinge width is 2 µm [60]. by lift-off process and (c) Next, mirror structure and etching holes are patterned using deep reactive ion etching (D-RIE) (d). CNTs film then is manually placed on the silicon struture in isopropyl alcohol (IPA) solution and naturally dried. Surface tension of solution and strong van der Waals interaction accordantly compress CNTs film into a 0.3 µm thick layer and form a strong contact with electrodes (e). Hydrogen silsesquioxane (HSQ) resist was spin-coated and baked at 90 • C for 10 minutes. HSQ is then patterned by electron beam (EB) lithography and developed by tetramethylammonium hydroxide (TMAH) solution (2.38%) (f). Then, CNTs film was etched by reactive ion etching (RIE) to define the designed shape (g). The HSQ mask was finally removed by buffered hydrofluoric acid (HF) and mirror is released by HF vapor etching (h). Remarkably, due to parallel process ability, CNTs can be patterned into various desirable array structures and thus has promising application in MEMS devices. Fig. 6 shows the fabricated CNTs hinge micromirror. Fig. 6 (b) and (c) show the zoom-in of the CNTs hinge and comb fingers, respectively. Because CNTs did not shrink in aligned direction, the film has rather good homogeneity, and the adhesion with the substrate is strong enough to allow successive lithographic processes, include heat treatment, resist spincoating, immersion into liquid and oxygen plasma. After fabrication process, no damage was found on CNTs film elements. rotation angle depended on the initial state of the mirror, which is determined by the structure parameters. The maximum tilt angle obtained when the rotation angle is saturated, i.e. the mirror parallel with surface plane.
Fabrication process
Performance characterization
CONCLUSION
In summary, we have demonstrated the robust fabrication process and its application on fabrication and evaluation of the first silicon MEMS micro mirror supported by CNTs hinges, the micro structures with CNTs as sensing elements by utilizing its piezoresistive effect and Seebeck effect. This process could also advance the further integration of CNTs in MEMS actuator for better and more complex feature.
